Voltage-gated K+ channels are important modulators of the cardiac action potential. However, the correlation of endogenous myocyte currents with K+ channels cloned from human heart is complicated by the possibility that heterotetrameric av-subunit combinations and functionaltering .8 subunits exist in native tissue. Therefore, a variety of subunit interactions may generate cardiac K+ channel diversity. We report here the cloning of a voltage-gated K+ channel 13 subunit, hK4,83, from adult human left ventricle that shows 84% and 74% amino acid sequence identity with the previously cloned rat Kv31 and Kv32 subunits, respectively.
Potassium channels play an essential role in most excitable cells and are responsible for many diverse physiological functions (1) (2) (3) . In the heart, voltage-gated K+ channels (Kvs) are responsible for establishing the resting membrane potential and modulating the frequency and duration of action potentials, as well as being the targets of several antiarrhythmic drugs. At present, whole-cell and patch-clamp studies have characterized at least five distinct K+ currents in mammalian myocardium (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , while molecular cloning efforts have yielded at least seven cardiac K+ channel genes expressed in rat or human heart (15) (16) (17) (18) . Six of these cloned genes represent Shaker-like K+ channels from either the K1, KV2, or K,4 gene subfamilies. The diversity of K+ channels in the heart is readily apparent. Nevertheless, correlation of cloned channels with endogenous myocyte currents has been difficult because most heterologously expressed channels display either a fastinactivating or a delayed-rectifier-type current, often with similar pharmacology. Although the human K,1.5 isoform (hK,1.5) seems a likely candidate for an endogenous current, channels within a gene subfamily can form heterotetramers and display a distinct current phenotype (19) , which complicates the correlation of cloned voltage-gated K+ channels to endogenous K+ currents. Other factors such as glycosylation
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and phosphorylation states, as well as the presence of accessory subunits, may also underlie some of the functional diversity of these channels in the cardiovascular system. Accessory proteins or A3 subunits have been shown to modulate inactivation kinetics, voltage dependence, and current amplitudes of voltage-gated Na+ and Ca2+ channels (20) (21) (22) (23) (24) (25) . Recently, two distinct K+ channel ,B subunits were cloned from brain (26, 27) . The rat KvI3l (rKvI3i) subunit confers rapid A-type inactivation on the KV1.1 delayedrectifier channel. This inactivation appears to be mediated by an amino-terminal "inactivation ball" within the variable amino terminus of rKv,3j. The rKv432 isoform lacks this inactivation domain and does not alter K+ channel current phenotypes in the Xenopus oocyte expression system. This work raised the possibility that the diversity of cardiac K+ currents is due to the presence of function-altering ,B subunits.
We report here the cloning and characterization of a cDNA from human heart that encodes another K+ channel , subunit, designated hKV,33, adopting proposed nomenclature (26) . ¶ This subunit is present in both healthy and cardiomyopathic heart tissue and alters the functional properties of hKvl.5, converting it from a delayed rectifier to a channel with rapid, but partial, inactivation. In addition, this current activates at lower voltages and has dramatically slower deactivation. The hKv43 gene was localized to human chromosome 3. These studies suggest that, along with heterotetrameric channel formation, ,B-subunit association can contribute to the diversity of K+ (28) . This construct was linearized with EcoRI before cRNA synthesis. The hK,1.5 cRNA template was prepared as described (29) . Human Kvg3 and hK,1.5 cRNAs were synthesized by using the SP6 polymerase mMessage mMachine kit (Ambion, Austin, TX) according to the manufacturer's instructions.
Defolliculated Xenopus oocytes were prepared as described (19) hKv33-specific probes corresponding to the unique amino terminus ( Fig. 2A) and a nonspecific ,3-subunit probe corresponding to the conserved (3-subunit sequence in the carboxyl terminus (Fig. 2B) (35) . Fig. 3 shows current tracings recorded from two oocytes: one injected with K1J.5 alone (Fig. 3A) and one injected with a mixture of hKvl.5 and hKv,B3 (Fig. 3B) . Two main effects of hKv,f3 can be seen in these recordings. A pronounced inactivation was observed in the coinjected oocytes, but only at the pulse potentials >0 mV. A second prominent feature in these recordings is the altered time course of the observed tail current after steps to -50 mV.
Wild-type hKv1.5 tails decayed completely with a T = 8.0 ± 0.34 msec at -50 mV (n = 4), whereas in the presence of the hKv33, the outward tail current decayed much more slowly with a T = 35.4 + 5.50 msec. In contrast to the wild-type hK,1.5 deactivation rate, the time constants in the presence of the (3 subunits were voltage dependent, increasing with hyperpolarization to a maximum of 51.6 ± 8.20 msec at -70 mV. An The apparent "inactivation" induced by hKv,I3 was characterized by using standard two-pulse protocols to measure both steady-state inactivation and the time course of recovery from inactivation. A 500-msec prepulse to +50 mV was used to induce steady-state inactivation. The potential was stepped back to -80 mV for various time periods and followed by a test pulse to +50 mV to assess the degree of inactivation. The membrane potential for half-inactivation was -33.1 ± 1.0 mV (mean ± SEM, n = 3; data not shown). Recovery from this apparent inactivation process is presented in Fig. 3D . Recovery time courses from two cells were best-fitted with an exponential function with a time constant of 51 msec. Note that, as in Fig. 3B , the currents were not fully inactivated in the presence of hKvI33, even after the 500-msec prepulse. This point is illustrated by the near instantaneous jump at the beginning of the recovery process, which then proceeded to recover with the time constant shown (Fig. 3D ).
Amino-Terminal Comparison of rKv,I1 and hK4,33. The rKv,f1 subunit confers inactivation upon Kv1.I via an aminoterminal "inactivation ball." Because hKvI33 induced inactivation onto hKvI.5, the amino-terminal sequences of rKPI31 and hKv,l3 were compared as shown in Fig. 4 . These proteins share only 259 identity in the amino terminus. However, several conserved amino acids that are important for channel modulation are common between these subunits (Fig. 4) . A cysteine that has been shown to render N-type inactivation properties sensitive to oxidation in A-type voltage-gated K+ channels and rKv,3l (26, 36, 37) is conserved between hKv,I3 and rKv,f3
(Cys-8 and Cys-7, respectively). A serine/cysteine motif followed by a cluster of positively charged amino acids that is considered the inactivating domain has been located in the rKvp31 (aa 4-24) and in K1J.4 (26) . A similar serine/cysteine motif exists in hKv,f3 (aa 25-55); however, the region of positive charge is further removed than in rKv,f1. Although the deduced amino acid sequence is variable in this region with, at best, 36% similarity, secondary structure predictions were very similar between rKvl31 and hKV,f3 (data not shown). Hydropathy analysis suggests that rKv3l is more hydrophobic in the amino-terminal 6 aa than is hKvl33 (data not shown).
Chromosomal Localization of hK,I33. PCR-generated fragments corresponding to nt 1-297 of hKv,I3 were amplified from a rodent/human chromosome mapping panel derived from 18 hybrid cell lines with various amounts of individual human chromosome contents, as described in Materials and Methods. (41) . However, a fourth loci for long QT syndrome is known to exist but has yet to be localized (40) . Correlating cloned human K+ channels and endogenous myocyte currents has been a difficult task due to limited electrophysiological characterization of human myocytes and the large number of molecular candidates. Studies done in human heart have described transient outward currents in both atrium and ventricle, as well as a delayed-rectifier K+ current in atrium (42, 43) . Although atrial delayed-rectifier K+ currents may represent KV1.5 (43) , this correlation has not been confirmed. The hK,1.5 currents measured in the presence of hKv,I3 do resemble some endogenous myocyte currents; however, the time constants of activation and inactivation do not correlate with those reported in our studies. While hKvl.5 protein has been immunolocalized in both human atrium and ventricle (44) , the delayed-rectifier current seen in human atrium has not been seen in human ventricle. Differential association of channels such as hKv1.5 with 13 subunits in atrium and ventricle could explain the regional differences in repolarizing current. Our studies open up a realm of possible mechanisms for K+ channel diversity and suggest additional mechanisms for modulation of cardiac excitability.
Note Added in Proof. Recently, Morales et al. (45) and Majumder et al. (46) have reported the cloning of the KvP3 isoform from ferret and human heart, respectively.
